In this review, we test the hypothesis that abiotic stress increases the suitability of plants as food for herbivores. We conducted a meta-analysis that included 70 experimental studies in which insect performance was measured on woody plants subjected to water stress, pollution, and/or shading. Overall, plant stress had no significant effect on insect growth rate, fecundity, survival, or colonization density. We found great variation, however, in the magnitude and direction of insect responses among studies, most of which was related to insect feeding guild. In general, boring and sucking insects performed better on stressed plants, whereas plant stress adversely affected gall-makers and chewing insects. Reduction in performance of chewers was greater on stressed slow-growing plants than on stressed fast growers. Reproductive potential of sucking insects was increased by pollution but reduced by water stress. In some cases where sample sizes were small or the treatment periods short, apparent differences in insect responses to stress were probably artifacts due to inappropriate experimental design.
Similarly, in recent years insect outbreaks have often been reported from areas exposed to air pollution (42). It has been suggested that plants subjected to such stressful conditions become more susceptible to herbivorous insects owing to the plant's increased nutritional quality and/or reduced concentrations of defensive chemicals (100, 116, (121) (122) (123) . Although this plant stress hypothesis (PSH) has achieved paradigm status, most evidence supporting it is circumstantial, consisting of numerous observations linking insect abundance to climatic factors (74, 75) .
Correlations between stressful conditions and outbreaks do not necessarily mean that changes in host plant quality are responsible for triggering insect outbreaks. Increases in insect densities can be due to direct effects of the environment on the insect as well as to a decrease in the abundance of its natural enemies. Thus, to obtain unambiguous results concerning the role of host plant stress in triggering insect outbreaks, experiments must be carried out in a controlled environment. Such experiments, however, have provided conflicting results-insect performance has been reported to increase, decrease, or remain unchanged in response to plant stress (63) .
Several recent reviews have questioned the generality of the PSH, and attempts have been made to modify the hypothesis in order to take into account variation among insect types, host plants, and experimental design (52, 63, 85, 86, 95, 114, 119) . Most reviews have taken a traditional narrative approach, providing testable predictions rather than statistical analyses of the importance of different factors affecting insect responses. Two quantitative reviews (114, 119) compared the proportion of documented cases of positive insect responses to plant stress with the proportion of negative responses. However, such a "votecounting" approach does not allow the magnitude of stress effects on insects to be estimated and therefore cannot address the question of whether plant stress effects on insect performance are strong enough to affect insect population dynamics.
To reach consensus as to the generality and predictive power of the PSH, a formal set of statistical procedures should be applied when assessing the data generated in stress experiments, rather than rely on individual interpretations. Meta-analysis (MA) is a statistical method that can be used to combine results from independent experiments (2, 31). Unlike "vote-counting," MA allows assessment of the magnitude of the effects (effect sizes) across studies. MA can also be used to estimate whether the overall effect is significantly different from zero and to test whether characteristics of the study organisms, or of the experimental design, influenced the magnitude of the observed effect. Thus, MA is less subjective than narrative reviews, which makes it especially useful for resolving conflicts in areas where the results are variable across studies, as in the case with the tests of the PSH.
In this review, we use MA in order to (a) estimate the magnitude of the overall effect of plant stress on insect performance and (b) assess the importance of insect type, host-plant type, nature of the stressing agent, and differences in experimental design in shaping insect responses to plant stress. The term plant stress is used here to refer to any environmental factor potentially unfavorable to a plant (67) . Our focus is on insect responses to relatively short-term stress episodes (shorter than the life span of host plants).
THE DATABASE
Our database included published experimental studies in which insect responses to stressed woody plants have been investigated. Our primary bibliographic sources consisted of recently published reviews and monographs on insect responses to plant stress (42, 114, 124) . The reference list was updated by conducting key-word searches using Current Contents (Agriculture, Biology, and Environmental Sciences) and Biological Abstracts.
Each study had to meet three criteria for inclusion in the analysis. 1. Plants had to have been stressed experimentally, and the treatment had to have had an appropriate control. In the case of pollution stress, we also included studies in which insects of known origin were reared on plants growing naturally or planted along a pollution gradient from a pollution source. 2. At least one of the following insect response parameters had to have been measured: relative growth rate (RGR, used for insects only in this review), developmental time, pupal or adult weight, potential or realized fecundity, survival, colonization density. 3. For each parameter measured, means, some measure of variance (standard deviation, standard error, confidence intervals), and the sample sizes of control and experimental groups had to have been reported in the article as numerical or graphical data, or they had to have been available from the authors.
A total of 70 studies on drought and waterlogging stress (n = 36), pollution (n = 31), and shading (n = 7), alone or in combination, published during 1958-1996, met our criteria for inclusion. The studies covered a wide diversity of taxa (66 insect species and 40 species of plants).
We classified insects into one of five feeding guilds: sucking, chewing, mining, galling, and boring insects. The first two guilds included only freeliving insects, while the last three contained internal feeders. With respect to their degree of host specialization, insects were categorized as monophagous (feeding on one genus of plants) or polyphagous (feeding on more than one genus of plants). Insects were also classified as flush feeders or senescence feeders depending on the timing of their feeding period and the type of plant tissue on which they preferred to feed (124) . When primary studies lacked the necessary information for the above classification, an additional literature search was conducted. Plant growth rates were scored from 1 (very slow) to 5 (very fast) (70) . Plant ontogenetic stage was categorized as seedling (1-5 years old), sapling (from 5 years of age to first reproductive event), or mature. Experiments were classified as field, laboratory, field cage, or field-laboratory (when stress treatments were conducted in the field while insect bioassays were conducted in the laboratory).
Various insect performance parameters can be differentially affected by plant stress (52). Therefore, insect responses, measured in terms of RGR, fecundity, survival, and colonization density, were analyzed in four separate MAs. Signs of responses measured in terms of developmental time of larvae were reversed in order to convert them to RGR responses (i.e. decrease in developmental time was regarded as a positive effect that leads to increased RGR). Female body size, pupal weight, and potential fecundity were combined into a single MA because a linear relationship has often been reported between these parameters (e.g. 23, 39, 79, 85; but see 10, 66). In this class, we also included studies on sucking insects in which one or several females were introduced on a plant and allowed to reproduce for a certain period, after which the progeny were counted. We assumed that these experiments assessed the reproductive potential of sucking insects, although differential mortality of progeny might have been a confounding factor in some cases. The category of studies that measured colonization responses included field studies in which plants were either artificially infested with insects by the experimenter or were naturally colonized by insects. Colonization density reflects mainly feeding and/or oviposition preference, but it sometimes also reflects survival.
In some cases, results for several insect or plant species were reported in the same study, or plants were subjected to different treatments within a study. Although different experiments reported in the same publication are not necessarily independent of one another, the loss of information caused by omission of such non-independent comparisons might bias the results even more than their inclusion. Therefore, we included such data into the analysis (151 comparisons from 70 studies) but used a conservative significance level (P < 0.01) to assess the effects of different factors on the outcome of the experiment, as recommended by Gurevitch et al (32). When results were presented for several sampling dates, we selected the date of the largest difference between treatment and control. When more than one level of a given type of stress was applied, the treatment resulting in the greatest difference in insect performance from the control was used in the analysis.
META-ANALYSIS
All analyses were carried out using the MetaWin statistical program (101) . For each comparison, an estimate of the magnitude of the treatment effect (effect size, d ) was calculated as the difference between the means of the experimental and control groups divided by the pooled standard deviation and weighted by a correction term that removes small-sample-size bias (31). In cases where means and measures of variance had to be determined from a graph, figures were enlarged and manually digitized. Effect sizes were combined across studies by using the mixed effects model of MA (31) to obtain the grand mean effect size (d ++ ), an estimate of the overall effect of plant stress on insect performance parameters. Plant stress was considered to have a statistically significant effect on a given insect response variable if the 95% confidence interval (CI) of d ++ did not overlap zero. The absolute magnitude of d was considered large when it was greater than 0.8, moderate when it equaled 0.5, and small when it was less than 0.2 (16).
To test the effects of different sources of variation on the magnitude and direction of insect response, studies were subdivided on the basis of the types of insect, host plant, stress, and experiment. The mean effect size (d + ) was then calculated for each class. The between-class homogeneity (Q B ) was calculated and tested against a Chi-square distribution to determine if classes differed significantly from one another. This test may be flawed when the assumptions of normality are not met, as is often the case for variables expressed as percentages. Therefore, for survival data we conducted randomization tests and used biascorrected percentile bootstrap confidence intervals for d + (1).
Because our analysis is based only on published studies, effects of plant stress on insect performance could be overestimated if statistically significant results, and thus large values of d, are more likely to be published (the "file drawer problem"; 21, 102). This possibility was assessed by calculating the fail-safe sample size, i.e. the number of unpublished studies showing no treatment effect that has to be added to the analysis in order to reduce the mean effect size (d + ) to a minimum meaningful value, d = 0.2 (102) . Large values of the fail-safe sample size indicate that the results of the MA are robust with respect to the "file drawer problem."
SOURCES OF VARIATION IN INSECT RESPONSES TO PLANT STRESS
Overall effects of plant stress on insect performance were small and nonsignificant, contrary to the prediction of the PSH. However, values of d varied considerably among studies, ranging from strongly negative to highly positive (Figure 1 ).
Variation Related to Insect Traits
FEEDING GUILD The consequences of stress-induced changes in host plants on insects can vary depending on their modes of feeding (feeding guilds). Larsson (63) tentatively ranked insect guilds in terms of the degree to which a Mean effect size. The absolute magnitude of d + was considered large when it was greater than 0.8, moderate when it equaled 0.5, and small when it was less than 0.2 (16).
b 95% confidence interval (CI). The effect of plant stress was considered statistically significant if the 95% CI did not overlap zero.
c Values in parentheses are fail-safe sample sizes that show the number of additional studies with small treatment effects required to lower the significant d + to a minimum meaningful value (0.2). they benefit from plant stress. Cambium feeders were considered to benefit most and received the highest ranking, followed by sucking insects, mining insects, chewing insects, and gall-forming insects (which were adversely affected). In our analysis, the effect of plant stress differed significantly (P 0.01) among insect feeding guilds for all measures of insect performance except survival (P = 0.229), and the results were generally consistent with the above ranking (Table 1, Figure 1 ).
The RGR and reproductive potential of sucking insects increased on stressed plants, whereas survival and colonization were not significantly affected. The fecundity of chewing insects was decreased by plant stress, but their RGR, survival, and colonization were not affected. The fairly high fail-safe numbers (Table 1) indicate that the magnitude of the observed effects is robust enough to withstand the discovery of additional studies showing no effect. The survival of gall-makers was drastically reduced on stressed plants, as was their density of colonization. Although this conclusion is based on few studies, the result is robust, as indicated by the large fail-safe number of studies (Table 1) . Miner performance was not significantly affected by plant stress, although fecundity, survival, and colonization densities tended to be higher on stressed plants. Finally, colonization densities of borers increased significantly on stressed trees.
TIMING OF FEEDING White (123, 124) argued that the physiological responses of plants subjected to stress resemble changes associated with senescence, and, therefore, insects adapted to exploit senescing tissue (senescence feeders) will benefit from plant stress, whereas flush feeders may suffer if the stress reduces or terminates plant growth (also cf 95).
Stress responses of feeding guilds that include exclusively flush (gall-makers) or senescence (most borers) feeders support White's predictions. However, for feeding guilds representing both flush and senescence feeders (chewing and sucking insects), the timing of feeding had no effect; for chewing insects, no effects were found for RGR (d + = −0.05 vs −0.07 for flush and senescence feeders, respectively; P = 0.94) or fecundity (d + = −0.54 vs −0.47; P = 0.81); and for sucking insects, no effects were found for fecundity (d + = 0.53 vs 0.44; P = 0.87).
DEVELOPMENTAL STAGE White (123) argued that the stress-induced increase in availability of nitrogen should be most important for very young insects. This is in accordance with studies showing that early instars are generally more sensitive to plant quality than late instars are (84, 104) , and that high mortality often occurs during early instars (93, 109, 120) . Accordingly, stress-induced changes in plant quality may increase the probability of survival at this critical stage of the life cycle and thus have a profound effect on population dynamics (122) .
Data for testing this hypothesis are scarce because most bioassays have been conducted on late instars. Our analysis did not detect any significant differences (P = 0.55) among the mid instars (d + = 0.003), late instars (d + = −0.29), and the whole larval stage (d + = −0.16) of chewing insects in terms of stressinduced effects on RGR. No comparable data were found for very young larvae.
FEEDING SPECIALIZATION Jones & Coleman (52) suggested that insects specialized to feed on a few plant taxa should be limited in their physiological plasticity and, therefore, should be able to respond to altered plant nitrogen only over a narrow concentration range. In contrast, generalists may show greater behavioral plasticity and may therefore be able to handle a broad range of nitrogen and secondary metabolite concentrations (52). However, our results indicate that the degree of specialization does not have any effect on the sign or the magnitude of responses of chewing insects to plant stress, as measured by RGR (d + = −0.12 vs −0.08 for monophagous and polyphagous insects, respectively; P = 0.88) and fecundity (d + = −0.50 vs −0.68, P = 0.54).
Variation Related to the Host Plant
TYPE OF STRESS A basic premise of the PSH is that different types of abiotic stresses induce similar responses in plants, i.e. increased soluble nitrogen concentrations, and therefore, different stresses should affect insects similarly (123) . However, White (123) did not regard shading as a stress factor and argued that insects should prefer sun leaves that senesce earlier and have higher concentrations of nitrogen than shaded leaves. In contrast, several other hypotheses predict that herbivory should be higher on shaded foliage (6, 46).
In accordance with White (123) , the type of stress applied to plants did not significantly modify responses of chewing insects in terms of RGR (P = 0.41) or fecundity (P = 0.32). However, there was a tendency for the RGR of chewers to increase in response to shading (d + = 0.34, n = 3) although the effect was not significant (95% CI −0.304 to 1.02). Pollution increased the reproductive potential of sucking insects (d + = 0.64, n = 21), whereas water stress tended to decrease their population growth (d + = −0.31, n = 5); the difference among stress types was marginally significant (P = 0.07). Differences in fecundity responses between sucking and chewing insects were significant only in pollution experiments (d + = 0.60 vs d + = −0.68, P < 0.001), whereas water stress tended to decrease the fecundity of both types of insects (d + = −0.27 vs d + = −0.41, P = 0.73).
Pollutant type had no significant effect on RGR or fecundity of sucking or chewing insects, although SO 2 and heavy metals tended to have a more pronounced effect on insect performance as compared with ozone and acid rain effects. An increased reproductive potential of sucking insects in response to pollution was observed mainly in studies where exposure was direct (d + = 0.95, n = 14). No such effects were detected when insects were introduced onto prefumigated plants or shielded from the exposure to pollutants in other ways (d + = −0.04, n = 7). In contrast, the accumulation of pollutants in the host plant as well as direct exposure to pollutants have been shown to decrease the performance of chewing insects (40, 43, 44, 60) . This finding indicates that the enhanced performance of sucking insects and the decreased performance of chewers may be due to the direct effects of pollutants on the insects rather than to plant-mediated effects.
No significant difference existed between the effects of shading and of water stress on the colonization of plants by mining insects (P = 0.50). Responses of gall-makers and borers to different types of stresses could not be compared because they were studied only in water-stress experiments.
PLANT GROWTH RATE Inherent growth rate of plants has been suggested as a predictor of resistance to stresses and susceptibility to herbivores (11, 19, 30) . According to the predictions, fast growers under stress should display plasticity in secondary metabolite production owing to the high priority placed on allocation to growth. In slow growers, allocation to secondary compounds has a high priority, and therefore, secondary metabolite production should be relatively unaffected by stress (52).
The effect of plant growth rate on responses of chewing insects to plant stress was significant only for survival (P = 0.010). However, there was a tendency for the plant stress-induced reductions of RGR, fecundity, and survival to be greater on slow-growing plants than on fast growers (Figure 2) . Thus, it appears that chewing insects feeding on slowly growing plants suffer from plant stress more than their counterparts on fast-growing plants. The small number of studies hampered the analysis of the importance of plant growth rate for other insect guilds. LEAF LONGEVITY Leaf life span is known to correlate negatively with plant growth rate (99), i.e. evergreen plants tend to grow more slowly than deciduous ones. We did not find any significant differences between stressed evergreen and stressed deciduous trees in the magnitude of insect responses in terms of RGR (both chewing and sucking insects) or fecundity (chewing insects).
PLANT TAXA In a recent review, Waring & Cobb (114) reported that the proportion of positive insect responses to water stress was higher on conifers than on angiosperms. Similiarly, we found that reproductive potential of sucking insects increased on stressed conifers (d + = 0.70), whereas no significant changes were detected on deciduous trees (d + = −0.13, P = 0.064). In contrast, the colonization by woodborers was enhanced by water stress more on angiosperms than on conifers (d + = 1.93 vs 0.35, P = 0.001). We found no significant differences in responses of chewing insects to stress on angiosperms and conifers.
PLANT ONTOGENETIC STAGE For obvious practical reasons, most stress experiments involving trees (76%) have been carried out with seedlings and saplings instead of mature trees. There are, however, several factors that complicate attempts to extrapolate results obtained from seedlings to larger trees. In general, mature trees differ from seedlings in that they have a lower relative growth rate, allocate more resources to support tissue and reproduction, have access to more water and nutrients as a result of their more developed root systems, and have a greater capacity to store resources in stems and roots (55) . As a result, seedlings may differ from mature trees of the same species in their susceptibility to abiotic stresses and insect herbivory (54, 61) .
Our analysis showed that decreases in fecundity of chewing insects tended to be more pronounced in experiments with saplings and mature trees compared with corresponding experiments with seedlings, but the difference was not statistically significant (P = 0.21). The reproductive potential of sucking insects tended to increase on stressed seedlings (d + = 0.56) but not on stressed mature trees (d + = −0.02), whereas colonization rates of borers were more enhanced in experiments with mature trees than in trials with saplings (d + = 1.77 vs 0.53, P = 0.03).
Variation Related to Experimental Design
NUMBER OF REPLICATES Variation in effect sizes (d ) across studies could be largely due to sampling error if individual studies included in the analysis had few replicates (51). Most experiments aimed at testing the PSH had a two-level nested design: Each treatment was allocated to several trees, and bioassays with several insects were conducted on each tree. The number of trees per treatment ranged from 2 to 40 (median = 10), and the number of insects per tree varied A clear tendency was apparent for effect sizes (d ) in experiments with total sample sizes less than 20 to vary more than those with larger samples (Figure 3) . The same phenomenon was observed by Gurevitch et al (32) for competition experiments and is known as a "funnel effect" (68) : As N increases, variation due to sampling error decreases, and the values "funnel" down toward the true effect size. Moreover, although effect sizes were weighted by a correction term to remove the bias due to small sample size, the absolute values of effect sizes decreased significantly with an increase in the number of trees per treatment (Spearman's rank correlation, r s = −0.32, n = 134, P = 0.0002) and total sample size (Figure 3) . Therefore, extreme positive and negative values for d reported in some experiments may have been the result of sampling error: 14 out of 15 experiments with absolute values of d > 2 had total sample sizes less than 20. (85) suggested that many discrepancies between the results of stress experiments and field observations can be explained by the short duration of stress treatments and by the fact that insect bioassays are conducted simultaneously with the plant stress treatment, whereas in nature insect outbreaks often occur after several years of stressful conditions. To test this hypothesis, insect responses in stress experiments where insect bioassays were conducted simultaneously with stress treatments were compared with those where the plant had been released from stress prior to the bioassay. No differences in insect responses were detected for the RGR (P = 0. The duration of stress treatments in our database ranged from 5 h to 7 years, with a median of 4 months. There was no relation between the duration of the stress treatments and effect sizes (d ). Variation in insect responses was higher in short-term experiments than in long-term ones (Figure 4) . TYPE OF EXPERIMENT The assumption seems reasonable that field experiments offer more realistic conditions under which to test stress-induced effects on insect performance compared with laboratory experiments. However, in our analysis, experiment type did not significantly affect the RGR (P = 0.86) or fecundity (P = 0.61) of chewing insects or the reproductive potential of sucking insects (P = 0.67). However, the fecundity of sucking insects increased significantly in response to plant stress in the laboratory experiments (d + = 0.75) but not in the field. This discrepancy might have been due to the higher temperatures, and thus faster development of sucking insects, in the laboratory or to the influence of natural enemies that sometimes act as confounding factors in field experiments.
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PATTERNS IN INSECT RESPONSES TO STRESSED PLANTS
Our analysis provided very little support for the PSH in its most general, original form: In other words, plant stress had no overall effect on insect performance as measured in terms of insect growth rate, fecundity, survival, or colonization. However, we found large amounts of variation in the magnitude and direction of insect responses among stress experiments. This pattern suggests that plant stress/insect performance interactions form a continuum, ranging from situations in which the insect is favored by stressed plants to those in which it is favored by vigorous plants (63, 95) .
The analysis showed that insect feeding guild is the most important determinant of insect response and corroborated Larsson's (63) prediction concerning the magnitude and sign of insect feeding guild responses to plant stress (also cf 119). This finding differs from a recent vote-count review by Waring & Cobb (114) , who found little variation in the responses of different feeding guilds to water stress. This discrepancy could be due to the fact that Waring & Cobb included woodborers, leaf miners, and leaf chewers in the same guild, whereas we analyzed the responses of these insect groups separately. Moreover, we found that differences among guilds of chewers and suckers were less apparent in the case of water stress than in the case of pollution; Waring & Cobb (114) did not include pollution in their analysis.
Subdividing the studies on the basis of insect feeding guild did not eliminate all of the variation in effect sizes (d ) within each group. Although some guilds were fairly consistent in their responses to plant stress (e.g. gallers and borers), chewers, suckers, and miners showed increased as well as decreased performance on stressed plants in different studies. Such within-guild variation may be due to differences in a variety of factors related to insect life history (inherent growth rate, mobility, aggregation), feeding style (diet breadth, tissue specialization), phenology, and taxonomic group (52). Timing of feeding and the degree of host specialization were the only factors for which there were enough data to carry out analyses. Significant within-guild differences were not detected between either flush-and senescence-feeding chewers and suckers or between monophagous and polyphagous chewers. This outcome could have been due partly to problems in categorizing some insect groups. For example, many aphid species shift between flushing and senescing tissues depending on their availability throughout the season (22, 62, 125), and therefore they cannot be classified as strictly flush or senescence feeders. Similarly, many leaf miners feed on flush tissue as early instars but on senescing tissues in later instars (124). However, not enough studies were available to subdivide these categories more finely.
Earlier attempts to discern patterns with regard to the effect of plant stress on insects have tended to ignore variation due to plant characters. It is important to realize that the plant stress/insect performance interaction is a system characteristic, the nature of which is determined by both plant and insect. Therefore, the plant component needs to be considered in more detail. In our analysis, we were able to include four potentially important plant characteristics, i.e. inherent growth rate, leaf longevity, ontogenetic stage, and taxonomic group. Minor effects were detected for most of these factors, but no consistent pattern emerged. Perhaps the most interesting result was that chewing insects were, in general, more favored by stressed fast-growing plants than by stressed slow-growing plants. More emphasis on plant variation would probably be rewarding in future research aimed at disentangling within-guild differences in stress response. For example, it would be interesting to conduct experiments where fast-and slow-growing plants were stressed by the same factor and the stress effects assessed using the same insect species (e.g. 69) .
A major premise of the original formulation of the PSH is that different kinds of stresses affect insect performance similarly (100, 123) . Our analysis implies that this view may be overly simplistic, but the evidence was guild specific. No differences were detected between types of stresses with respect to chewing insects; their responses were negative regardless of stress type, except for a tendency for shading to have positive effects. In contrast, the performance of sucking insects was improved on polluted plants, whereas it was reduced on water-stressed ones. Direct exposure to pollutants may act as a confounding factor (40, 43, 44, 60). Future studies need to control for this effect, in cases where hypotheses concern stress-mediated effects on food quality.
STRESS EXPERIMENTS: PRESENT STATUS AND FUTURE DIRECTIONS
There is good reason to assume that stress-induced effects in plants, and their effects on insect performance, are nonlinear (28, 63, 98). However, only 26% of the studies included in our analysis used several levels of stress, thereby allowing detection of any nonlinear relations. Several of these studies showed that insect performance improved with stress level until reaching some threshold, above which performance declined (60, 80, 92) . Recent studies on bark beetles and their associated blue-stain fungi have revealed that mild drought stress actually increases tree resistance, thus indicating a nonlinear relationship between stress and the performance of these organisms (14, also cf 98).
Stress experiments commonly include only one type of stress treatment. Effects of interactions among different types of stresses on insect performance were analyzed in only 29% of the experiments in this study. These experiments (87, 126, 117) , and data from field studies (e.g. 65, 75) , suggest the importance of the combined effects of drought conditions, nutrient deficiency, and/or air pollution. Thus, the single-factor approach commonly applied may be simplistic and may not fully simulate abiotic conditions thought to trigger insect outbreaks.
Variation due to plant genotype was not taken into account in 69% of the studies that we reviewed. The few studies that included several plant genotypes when assessing plant stress effects on insect performance demonstrated that genotype-by-environment interactions can be quite common and that the magnitude-and even the sign-of insect response to plant stress may depend on plant genotype (17, 47, 73, 110) .
Our analysis did not include fertilization experiments. Such experiments have sometimes been considered as tests of nutrient deficiency, the rationale for which is that plants growing in habitats with poor soils ("chronic stress") can be experimentally manipulated to represent "controls" through fertilization treatments (114) . There are, however, conceptual problems associated with this approach. If one is interested in testing the plant stress hypothesis (PSH) in order to predict propensity of insect outbreaks, processes need to be considered on an ecological time scale. However, organisms living in chronic-stress habitats are likely to have evolved adaptations to cope with adverse abiotic conditions (11, 19, 30). It would be interesting to explore the possibility that sensitivity to short-term stress differs between plants growing in chronic-stress situations and conspecifics in richer habitats.
The results of stress experiments can be interpreted correctly only if the treatment effects can be properly assessed. Owing to the complex nature of the effects of stressful abiotic conditions on plants (67), natural stress is not easily simulated in experiments. In particular, the physiological status of plants designated as "stressed" in experimental situations or in the field is often not known. Insect outbreaks thought to be triggered by plant stress are often discovered too late to be able to characterize the putative stress in the host plant. In not a single one of the studies included in this review was the stress level related to the physiology or internal chemistry of the same plant species subjected to natural stress. Although this drawback is typical of studies in which abiotic factors are manipulated, it should, nevertheless, be considered a good reason to interpret the data with caution.
The ultimate goal of experiments on plant stress/insect performance is to determine whether plant stress is likely to have an impact on the dynamics of insect herbivore populations. The large number of findings indicating correlations between stressed plants and insect outbreaks (e.g. 75) is not easily interpreted because stressful abiotic conditions can have direct effects on the herbivores (13), as well as indirect effects mediated by both host plants and natural enemies (36). The vagueness of experimental support for the PSH, documented in this and earlier reviews (63, 86, 114, 119) , is remarkable considering the rather large number of experiments conducted. It is encouraging that some patterns are emerging, particularly in relation to insect feeding guild and, to a lesser extent, stress type. However, a great deal of variation remains to be explained. Some of this variation can probably be resolved by designing better replicated experiments, by studying different levels of stress (thereby allowing detection of nonlinear relationships in responses of insects to stressed plants), or by including a variety of stressors in order to elucidate interaction effects.
We believe, however, that the greatest emphasis should be placed on obtaining a detailed understanding of how plants respond to abiotic stress, particularly from the perspective of the insect under study. Many insect species feed specifically on resources that are variable in the plant, e.g. tissues with different functions, such as buds, leaves, phloem, and roots, or the same tissue types that vary according to their sink/source status (38, 76). These different feeding sites are likely to be differentially affected by stressful conditions. For instance, some tissues may be more sensitive than others, which may, in turn, translate into dissimilar insect responses. Thus, a better understanding of feeding site characteristics and their responses to abiotic stress would improve our ability to explain the variation in insect responses to stressed plants that is evident in the literature. A cooperative effort between entomologists and plant physiologists will therefore be required to reformulate the PSH successfully. The complexities of the plant stress/insect performance interactions can be understood only if knowledge about both components of the system is appreciated. Visit the Annual Reviews home page at http://www.AnnualReviews.org. 
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